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Rice (Oryza sativa L.) that is grown in the U.S. is predominantly grown in the
mid-south. Current Mississippi State University recommendations for nitrogen (N)
fertilization of rice suggest a single application of 168 kg N ha-1 on soils with CEC ≤ 20
and 202 kg N ha-1 on soils with CEC > 20. The primary objective was to identify
alternative N management strategies that may potentially be used to reduce costs
associated with aerial application of N fertilizer to rice. Research was established at the
Delta Research and Extension Center, at Stoneville, MS, on two soil textures during 2015
and 2016. The combination of application timings and N sources resulted in a total of
eight N management strategies. Data from all siteyears were pooled together for analysis
to evaluate differences among N management strategy. Urea + [N-(nbutyl)thiophosphoric triamide] (NBPT) applied in a single application 7 days before
flood (DBF), two-way split application, and PCU-2 LF produced statistically similar and
greatest mean rice grain yield. These data suggests that N fertilizer can be applied early
(2 to 3 leaf growth stage) from a ground based fertilizer spreader prior to the levee

construction. Single optimum and two-way split N management strategies produced more
total dry matter (TDM) at heading (HDG) and more N uptake at HDG. Urea + NBPT
applied in a single application 7 DBF should be the N management strategy of choice in
mid-southern U.S. rice production.
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CHAPTER I
INTRODUCTION

Literature Review: Overview of Rice Production
Rice (Oryza sativa L.) is a major food source for more than one third of the
world’s population and is the largest consumed cereal crop in the world (Yoseftabar,
2012). Rice is an ancient grain and is believed to have been domesticated in Asia in the
5th millennium B.C.E (USDA, 2012). An estimated 481,232,000 metric tons of rice were
produced globally in 2016 (USDA, 2016). Rice historically has been cultivated using
terraces as a way to flood-irrigate on steep ridges or mountain sides in some parts of the
world. Typically, rice is raised offsite and transplanted into a pre-existing flooded paddy.
This process of transplanting rice seedlings is accomplished by hand and is very labor
intensive. Asia produces the majority of rice with the countries of China, India,
Indonesia, Bangladesh and Thailand producing approximately 339,650,000 metric tons of
rice (71% of the total) (USDA, 2016). China and India alone produce 247,000,000 metric
tons which is more than half of the total global rice production (52%) (USDA, 2016).
United States rice production is concentrated in the mid-southern U.S. and
California. Arkansas annually produces the majority of the U.S. rice crop (49%) followed
by California (18%), Louisiana (15%), Missouri (7 %), and Mississippi (6%) (USDA,
2016). These five states make up 95% of U.S. rice production, with Texas rounding out
the top six states. The United States produced 7,779,000 metric tons of rice in 2016
1

(USDA, 2016), and ranks 9th globally in total rice produced (1.6% of the total global rice
production.)(USDA, 2016).
Rice was first cultivated in Mississippi during the 1948 growing season on a small
farm of 122 ha near Greenville, MS. Mississippi rice production peaked in 1974 after the
government program to control rice hectares was eliminated in 1973. In 2015, Mississippi
produced 80,939 ha of rice with a state average grain yield of 7,894 kg ha-1. Of the
80,939 ha of rice produced in Mississippi during 2015, Bolivar County ranked 1st in
planted area with 17,280 ha yielding an average of 8030 kg ha-1 followed by Tunica
county which had 10,830 ha yielding 8658 kg ha-1 (USDA-NASS 2015). Rice in the midsouthern U.S. is cultivated on a range of soil textures; however in Mississippi rice has
traditionally been seeded on soils with a high clay content (> 50% clay). The potential for
increased rice hectares is high, due to an expansion of irrigation capabilities on many
soils that are suitable for rice production in Mississippi over the last 20 yr.
In the mid-southern U.S. rice production the average number of fertilizer
applications for each essential nutrients are: nitrogen (N) (2.3), phosphorus (P) (1.1),
potassium (K) (1), and sulfur (S) (1.2) (USDA-NASS, 2013). Mississippi average
number of application for rice production N (3), P (1), S (1.9) (USDA-NASS, 2013). In
these number of application a total of 191,370,621 kg-1 of N, 45,948,907 kg-1 of P,
42,410,887 kg-1 of K, and 4,445,205 kg-1 of S (USDA-NASS, 2013) is being applied in
order to make mid-southern U.S rice.
The single greatest expense for rice production is nitrogen (N) fertilizer and its
applications followed closely by herbicide (USDA, 2015). Urea fertilizer is the most
commonly used N source in the mid-southern U.S. based on its relative low price and
2

high (46%) N content. In the Mississippi Delta, urea sells for approximately $0.17 kg-1 N
(Golden, 2017), therefore, the main drawback to using urea is that it is most susceptible
to losses. Blended fertilizers are occasionally used such as urea ammonium nitrate,
ammonium sulfate (AMS), and diammonium phosphate (DAP). These products all
contain elemental N at lower analyses than urea and are more expensive. The cost of
DAP in Mississippi averages $0.09 kg-1 N (Golden, 2017).
In the mid-southern U.S., rice is planted in a direct seeded delayed flood
environment. Ideal planting dates in Mississippi range from March 20th to April 20th, and
yields tend to decrease 0.4% per day when planted after April 20th (Walker, 2008).
Seeds are usually drill planted and, depending on environmental conditions, could
require 0 to 5 water flushings (irrigations) that add moisture to the soil until a desired leaf
stage is met to establish a permanent flood. Permanent flood is when the field is flooded
to keep competitive weed pressure reduced and this flood is maintained until crop
maturity. Typically, rice is flooded at the 5- to 6- leaf growth stage, and a majority of N is
applied prior to the permanent flood establishment. Generally, this coincides with greenring or panicle initiation (PI), this is when the rice plant begins reproductive growth and
the internodes begin to elongate. At ¾ inch elongation coincides with panicle
differentiation (PD) or midseason, this is when N fertilizer can be aerially applied into
multiple applications. Currently, Mississippi State University research recommends a
single application rate of 168 kg N ha-1 on sandier soils and 202 kg N ha-1 on clay soils
(Walker, 2008).
The single optimum pre-flood N application can be described as a fertilization
practice where N is applied prior to flooding to a dry soil surface with no plan for a
3

midseason N application. If environmental conditions are favorable, N application can be
made from a ground applicator to save aerial application expenses; however, more risk
are associated with the single optimum N management strategy (levee breakage, water
well problems, etc.). The flood should be established as soon as possible to minimize N
losses from urea volatilization. If water can be applied immediately after N application,
the use of a urease inhibitor may not be needed (Sanz-Cobena et al., 2011). Urease
inhibitors are often used in situations where a permanent flood takes several days to
establish.
Split application of N is another common practice in rice production. The goal is
to limit N losses and supply higher amounts of N when demand by rice plants is greatest.
Most split applications include at least 50 to 60% of total N applied prior to permanent
flood establishment and the remaining at midseason (Walker, 2008). Midseason N will
normally be utilized within 7 days after treatment (Bufogle et al., 1997; Wilson et al.,
1989). Split applications in the mid-southern U.S. are typically conducted via aerial
application and cost approximately $0.03 kg-1 of product or $17.30 minimum ha-1. Aerial
applications are necessary due to the presence of levees and the permanent flood being
established since the early vegetative growth.
In an attempt to reduce costs associated with multiple N applications, previous
research showed that multiple polymer-coated urea (PCU) sources applied prior to
planting released N too rapidly to be successfully used for direct-seeded, delayed-flood
rice production (Golden et al., 2009); however, pre-plant N applications may provide
value in other production systems.
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In Mississippi starter fertilizers, consisting of approximately 50% AMS: DAP
blends, are routinely applied around the 2-leaf growth stage to promote rapid tiller
development and decrease the days to flood (Walker et al., 2006). Little research exists
that determines whether PCU could be applied after rice emergence (two- to three- leaf
growth stage), and rice achieve similar or greater yield when compared to the current
standard practice of a single optimum or two-way split. The primary objective of this
research collected in 2015 and 2016 was to determine if an alternative N management
strategy exist using PCU as an N source applied at two- or three- leaf growth stage.
Nitrogen Fertilization of Flood-Irrigated Rice
Nitrogen is the most limiting nutrient for rice production. Maximum yield
potential depends on N applications in the proper amount applied at the proper time. A
proper supply of N is required for vigorous vegetative growth, high photosynthesis rates.
Nitrogen nutrition influences leaf size, spikelet number, and grain protein content
(Dobermann and Fairhurst, 2000). Visual N deficiency can be noted during both
vegetative and reproductive growth. During vegetative growth, N deficiency may reduce
tiller number and plant height, and also cause leaves to have a pale green to yellow color.
The most prevalent symptom during reproductive growth is pale green to yellow leaves
with chlorosis beginning in the older leaves because N is highly mobile within the plant
(Matsuo et al., 1993). PI in rice is an important developmental stage for N fertilizer
because a yield reduction may occur if not properly managed. During PI, grain number is
determined, therefore an adequate supply of N is needed to maximize this yield
component. (Yoseftabar et al., 2012).
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Yoseftabar (2012) applied N fertilizer at the five-leaf stage which resulted in
establishing a good rooting system, and maximizes tiller production (correlates with grain
yield). When comparing three N rates (50, 100, and 150 kg ha-1) tiller number, fertile
tillers, and total grain were significantly higher with the 150 kg N ha-1 and always
outperformed the lower rates.
There are three types of rice based on grain size (long, medium, and short) long
grain rice accounts for approximately 72% of the total United States rice. Short grain rice
is exclusively grown in California and amounts to 1 to 2%, while medium grain rice
accounts for 27% of rice produced. Medium grain rice is grown in both the Mid-southern
U.S and California (USDA-NASS, 2016).
USDA (2009) showed that N applied at 168 kg N ha-1 grain yields were equal
when comparing single application to a split application; however maturity was delayed
when applied in a single application regardless of N source. Split applications yielded
greatest when 134 kg N ha-1 at pre-flood followed by a 34 kg N ha-1 at PD.
Nitrogen Loss Mechanisms for Flood-Irrigated Rice
The two most prevalent N loss mechanisms in the dry-seeded, delayed-flood
production system are ammonia (NH3) volatilization and denitrification. Ammonia
volatilization losses can be greater than 40% of the applied N if N fertilizer is applied into
the floodwater during early vegetative growth (Norman et al., 2003). Norman et al.,
(1993) showed that little NH3 volatilization occurred if urea was applied to a dry soil and
flooded within 10 d with the average uptake of N fertilizer by rice ranged from 65 to
72%. Griggs et al., (2005) showed NH3 volatilization losses ranged from 20 to 30% of the
total urea-N applied to a silt loam soil 14 d before flooding. Ammonia volatilization
6

losses from ammonium sulfate [(NH4)2SO4] were lower (<5%) compared with urea.
Additionally, a significant proportion of N can be lost via NH3 volatilization even when
proper N and water management practices are followed on silt loam soils.
Denitrification losses occur when urea is applied far in advance of flooding (i.e.,
pre-plant), which allows sufficient time for nitrification before flooding due to irrigation
and rainfall events (Golden et al., 2009). Although NH4+ can diffuse upward out of the
reduced soil to the oxidized surface-soil layer where nitrification can occur due to
nitrifying bacteria. The nitrification-denitrification process is not a concern in the typical
delayed-flood management system because rice plants only require about 3 wk to recover
NH4-N applied pre-flood (Wilson et al., 1989; Guindo et al., 1994). Nitrogen losses from
NH3 volatilization and denitrification can be minimized by following the recommended
N and water management practices.

Research Evaluating Urea as an N Source
Urea is the most widely used form of N because it’s ease of handling and granular
size consistency. These properties make it easier to ship, and allows the fertilizer to be
broadcast applied evenly, either by ground spreader or via airplane. Certain
environmental factors (precipitation and irrigation) determine the effectiveness of urea as
a source of N. Urea is highly susceptible to NH3 volatilization, leaching, and
denitrification. These factors tend to limit production when proper management
techniques are not utilized.
Broadbent et al., (2003) evaluated four different soils in a study to evaluate N
loss: Hanford sandy loam (acidic), Salinas clay (alkaline-calcareous), Yolo loam (slightly
7

alkaline), and Sacramento clay (acidic). Water was applied to soil containing different
rates of N to represent actual soil moisture. These soils had urea applied and set to
incubate at set temperatures of 45oF and 75oF. The soil column underwent hydrolysis
(water was applied to soil to reach field capacity so N in urea granule could dissolve into
soil solution) results showed that at lower temperatures (45oF), after 7 days, all urea had
been completely hydrolyzed except the Sacramento clay. At 75oF, hydrolysis was more
rapid and clearly showed that urease activity in soil was temperature driven and possibly
could be pH driven as well. After eight weeks of incubation, ammonium N remained in
the Sacramento soil. This suggests that the pH was too acidic for the nitrifying bacteria to
function. Similar results occurred for the Hanford sandy loam only the pH was too high;
however when it did occur nitrate had accumulated and ammonia was lost by
volatilization.
Norman et al., (2003) showed that 150 to 200 kg N ha-1 was required to reach
maximum yield. Urea as the commonly used N source, needs to be applied within 5 days
of permanent flood establishment. This application has been generally 50 to 60% of the
yearly N with the remainder applied at midseason (PD). The pre-flood application should
be applied to dry soil to minimize N losses; however this is not always possible. Nitrogen
fertilizer can be used as a pre-plant option at low rates (25 to 35 kg N ha-1) where it could
be taken up and utilized by time of permanent flooding.
Research Evaluating Enhanced N Efficiency Products
[N-(n-butyl) thiophosphoric triamide] NBPT is a urease inhibitor which is applied
as a simple surface coating that reduces N losses from ammonia volatilization.
Commonly, NBPT (liquid form) is applied to a 907 kg of urea at 3 quarts or to a tank of
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UAN, and typically cost approximately $21.66 per liter (Golden, 2017). One of the first
nitrogen stabilizers to become commercially available in the fertilizer market was NBPT.
It works by inhibiting the activity of the urease enzyme to extend the N availability
source by reducing the amount of NH3 conversion to NH4+ (Agrotain International
L.L.C., 2008). In general, NBPT slows the rate of urea hydrolysis when properly applied
to the fertilizer at the appropriate rate. When urea is treated with NBPT volatilization can
be reduced for up to 14 days when compared to urea alone (Agrotain International
L.L.C., 2008; Soares et al., 2012; Chen, 2008; Sanz-Cobena et al., 2011; Frame et al.,
2012).
Enhanced Efficiency Fertilizers (EEF’s) are any products that can be put on
fertilizer to make it more efficient (ex. NBPT, Dicyandiamide (DCD), poly-coating, and
sulfur-coating) These products help increase chlorophyll which catch sunlight and
convert this energy to food, and these results were especially true during the grain-filling
stage. Hatfield and Parkin (2014) suggests corn (Zea mays L.) that had received the
EEF’s had a darker green color than the traditionally used corn fertilizer and held this
characteristic till the reproductive stage. The use of EEF’s increased corn grain yield and
the use of EEF’s could become a major part of corn agronomic management in Iowa.
Urea + NBPT has not only proven to have value in grain crops but also for
increased cotton (Gossypium hisutum L.) yield. Kawakami et al., (2012) suggested use of
NBPT increased plant dry matter due to more available N to the plant, higher lint yields
that was attributed to increased boll weight. Additionally, the use of NBPT with a urea
fertilizer at 75% of recommended N rate resulted in similar cotton yields when compared
to full N application rates.
9

The compound, NBPT, showed the greatest potential in large fields of rice that
take greater than 5 days to establish the permanent flood. Norman et al., (2009) suggested
that NH3 volatilization was reduced 2 to 10% with NBPT compared to N losses measured
at 17 to 24% for urea without NBPT. In this study there were four different flood timing
established between 1 to 10 d and it revealed the longer delays yielded less due to
ammonia volatilization and if urea could not be incorporated within a few days that a
urease inhibitor should be utilized. Urea + NBPT yielded 9,500 kg ha-1 compared with
untreated urea (8958 kg/ha-1). Dillon et al., (2012) showed similar results in Mississippi
with urea + NBPT producing 9,424 kg ha-1, compared with mean yields from untreated
urea averaging 9,274 kg ha-1. Pooled over N timings, the authors suggested that on
average when N fertilization occurred between 1 to 10 days before flooding urea + NBPT
outperformed urea. The NBPT’s ability to minimize N losses from volatilizing keeps
more N in the available form in the soil and allows more to be taken up by the plant.
Research with NBPT illustrated that in both sugarcane (Saccharum officinarum)
and wheat (Triticum aestivum), volatilization can be reduced by as much as 54% for
sugarcane and 74% for wheat soils when compared to urea (Chen, 2008). On an arid
calcareous soil in Pakistan the effects of N rates and use of NBPT were determined to
find optimal corn yield. The NBPT treated urea produced the maximum plant height,
maximum ear length, and maximum number of ears plant-1, grains per row-1, and grain
yield per unit area (Khan et al., 2014). The authors stated that 81 to 85% of N was
volatilized during a 20 days period, occurred within the first 5 days with untreated urea.
Other research evaluating urea N losses, showed that 11% of added N was
volatilized on a sandy loam and 5% of added N was volatilized on a clay loam
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(Gioacchini et al., 2002). The NBPT successfully reduced volatilization losses on both
soils by 89% and 47%, respectively. These results showed that NBPT was more effective
on sandy soils compared to the clay; however, positive results were observed on both soil
textures. Both grain yield and N uptake was greater on the sandy soil compared to the
clay soil. However, on neither soil did the inhibitor increase yield or plant N uptake.
Ammonium (NH4+) losses due to leaching were negligible as expected in both soils;
however, NO3- losses was 8 to 10 times greater in the sandy loam than the clay soil
(Gioacchini et al., 2002). The authors suggested the use of NBPT in wheat production, on
both soil was not economically feasible due to a lack of yield response.
Ammonium sulfate [(NH4)2SO4] is another common N fertilizer utilized in the
mid-southern U.S. Ammonia volatilization from this source was less when compared to
urea when both were applied 14 d prior to flooding (Norman et al., 2009; Griggs et al.,
2007). Cost associated with N weight due to the lower N analysis plus aerial cost makes
(NH4)2SO4 underused when compared to urea. Urea is often blended with ammonium
sulfate to offset cost and still gain the benefits of urea.
Mean grain yield data revealed 67 kg P2O5 ha-1 produced consistent rice yields.
Greatest yields were produced at higher rates 134 kg P2O5 ha-1, but was not different than
applications of 90 kg P2O5 ha-1 and showed that rice yields could be increased up to 9%
with the use of P fertilization (Norman et al., 2010).
When applied to rice at 67 kg N ha-1 and 134 kg N ha-1, NBPT treated urea and
(NH4)2SO4 produced total N uptake greater than that of urea alone (Norman et al., 2009).
Total N uptake was the lowest when the flood was delayed 10 days. Total N uptake by
urea was decreased when flooding was increase from 1 to 5 days, but was not decreased
11

for NBPT treated urea (Norman et al., 2009). For each fertilizer type, as the rate
increased the rice grain yield increased. Ammonium sulfate and NBPT treated urea
resulted in the greatest grain yield when flooding was delayed for more than 5 or 10 days
when compared to urea. Maximum yields were achieved when the flood was established
1 days after N application with all N sources.
Environmentally Smart Nitrogen (ESN) was first utilized in the turf and vegetable
industry. In the last ten years this product has become competitively priced ($0.26 kg-1 N)
Golden (2017), and is elementally similar to urea having 44% N. Fertilizer ESN is a
polymer coated urea (PCU) that slowly releases the N over a period of time. The goal is
to try and coincide N release with plant uptake. The polymer membrane allows moisture
to diffuse into the ESN granule, creating a urea solution. The solution moves out through
the membrane driven by temperature and moisture, movement by diffusion concentration
gradient into the plant roots (Agrium U.S. Inc., 2004). Urea typically releases N within a
5 to 7 days, resulting in a fast green up followed by a period of slow growth. However,
ESN is designed to release lower amounts over a minimum of 30 days and a maximum of
60 days (23oC). The ESN granule contain 94% urea, 1 to 5% polyurethane, 0.5 to 1.5%
biuret, and 0.5 to 1.5% urea reaction products with formaldehyde (methylene diurea) by
weight (Agrium U.S. Inc., 2004). By using this product the plants have a steady, readily
available supply of N. Peng et al., (2015) reported that with the use of a polymer-coated
urea fertilizer losses from NH3 are negligible on dry soil, thus reducing the risk of NH3
volatilization.
The slow release nature of ESN has given growers an added advantage when
compared to conventional practices for upland crops such as wheat. In Canada where a
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majority of wheat (both spring and winter) and canola (Brassica napus) (Beres et al.,
2012). The study showed that the abrased ESN still produced an average of 80 plants m-2
until 60% abrasion was reached. Standard management goals reported that crop yield is
optimized with an average plant stand of 78 plants m-2. Inverse relationships were
observed in most crop responses and N abrasion; however regardless of abrasion winter
wheat produced more tillering and maintained high grain yield regardless of abrasion
severity (Beres et al., 2012). Bierman et al., (2015) showed similar results using abrasion
simulated ESN on tubers in Minnesota where dealer grade ESN and air boom damaged
ESN had greater proportions of tubers than the conventional urea + UAN treatment.
Five years of data showed that winter wheat only recovered 27 to 33% of fertilizer
N applied (Raun and Johnson, 1999). The use of N fixing legumes in rotation have
proved to add N to the soil. Soybean (Glycine max (L). Merr) has widely been utilized in
rotation with both corn and rice in mid-southern U.S. production. When higher N rates
are applied to overcome environmental N losses this excess N is often eventually lost to
denitrification. Newly developed hybrids have been improved based on their nitrogen use
efficiency along with slow release sources have been leading fertilizer technologies for
decades. If 100% N recovery could be achieved N rates could be reduced. This reduction
would in turn cost a farmer less to produce higher yields.
In Australian N2O levels on wheat were significantly lower at cool temperatures
but were effective at all range of temperatures studied when ESN was compared with
urea (Chen, 2008). When comparing canola yield receiving ESN, urea, and other
common PCU’s and ESN resulted in greater emergence, N uptake and seed yield when
fertilizers were seedrow-placed at high N rates (Malhi and Lemki, 2013).
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In potato (Solanum tuberosum L.) production in Minnesota compared urea and
ESN on coarse-textured soil. Wilson et al., (2009) showed that in the cooler northern
United States, ESN slows down its release mechanism to an even longer duration than
noted in the south. Single application of ESN was more effective than the standard
practice of 3 split applications at reducing NO3-N leaching.
Corn that received ESN fertilizer produced greater grain yields than dry urea at
every rate except 50 kg N ha-1(Gagnon et al., 2011). Grain yield increased linearly as N
rate increased across all site years. The study area was located near Quebec City, Canada
where in 2008 and 2009 average air temperatures were lower than the 30 year average for
the region. The 2010 growing season on the other hand was drier and warmer (an average
2oC for the month of July), while 2008 and 2009 were 1.85oC cooler with a higher soil
moisture as well. These factors may have been contributing factors to variation in grain
yield. In 2010, the drier year there was no difference in grain yields between the urea,
ESN or fertilizer treated with a nitrification inhibitor. Urea and ESN were applied preplant and in wet years the 30% higher cost of ESN, when compared to UAN, was still
economical due to the decrease in labor cost and reduction of multiple applications. The
ESN is proving to be a better option than side dressed UAN applications.
Research from the turf grass industry has indicated that blending ESN with urea
produced 6 to 10% greater yield of bermudagrass with 14.4 to 19.5% greater N removal.
The blends recommended were 50 or 75% ESN and these blends also were the most costeffective systems when compared to an UAN + urea blend. The plots that received 75 and
100% ESN were most effective in reducing NH3 volatilization (Payne et al., 2015).
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Research from central Alabama concluded that ESN performed as well as the
more common starter fertilizers such as ammonium sulfate which produced the largest
amount of bolls per hectare (Watts et al., 2014); therefore, the lack of increasing yield
however makes ESN not an economical choice for cotton production.
Research with Polymer Coated Urea on Rice
Research in the rice production states suggested that ESN release N too rapidly
compared to traditional urea management when being used in direct-seeded, delayedflood rice production. The authors suggested that ESN took 25 days to release 75% of the
N (Golden et al., 2009) when applied pre-plant. At panicle differentiation rice had
recovered 26% of N from ESN applied pre-plant compared to 72% of N from urea
applied pre-flood. At heading rice had recovered 37% of N from ESN and 101% of N
from urea (Golden et al., 2009). The ESN released 85-94% of the total N, 40 days after
application (Golden et al., 2009). When ESN was applied at planting this time period
occurs before establishment of the permanent flood; the N could ultimately be lost due to
denitrification once the flood was established. Nitrogen recovery for ESN ranged from
54-79%, and 85-134% for urea. Properly managed urea applications typically ranged in N
uptake efficiency from 65-75% (Norman et al., 2009). Their data showed that ESN
applied pre-plant did show an increase linearly in yield however there was no difference
when compared to zero N fertilizer applied. Data also showed that optimum N rates
varied slightly for site year and planting date depending on the year. The N rate required
for optimum yield ranged from 127 kg N ha-1 to 182 kg N ha-1. When applying ESN preplant at two locations 168 kg N ha-1 yielded no difference in yields as pre-flood applied
urea (Golden et al., 2009). The ESN could be applied at higher rates so N losses could be
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overcome and still have ample amount of N for plant uptake. When ESN was applied at
the highest rate it produced no difference in yields.
Conclusion
Previous research has shown that urea has been an effective N source for rice as
long as rice can be flooded within a few days of N application. The use of a urease
inhibitor is necessary if a longer delay in flood establishment is expected. Polymer coated
urea has been proven effective on most crops except rice however only limited research
has been conducted utilizing polymer coated N as an N source in direct seeded delayed
flood rice production. Results may differ if the proper timing of PCU application to rice
could be established. Multiple applications have proven to be most effective with regard
to N use efficiency and N uptake on rice. The use of blended fertilizer has been used in
many pre-flood fertilizer regiments in order to protect N from volatilization, while also
adding additional nutrients such as phosphorus and sulfur.
The objective of this study was to identify alternative N management strategies
for rice produced with a delayed flood. If alternative methods and techniques can be
obtained from this data, then N application may be more economically applied. This
research compared N management strategies on different soil textures (168 kg N ha-1 on
sandy soils and 202 kg N ha-1 on clay soils). Plant tissue samples were collected at
panicle differentiation, allowing to determine how much N has been taken up before midseason application. Tissue samples were also be taken at late heading to determine how
total seasonal N accumulation, while also determining tiller count from the same sample.
Grain yield and milling quality were also generated from rough rice samples from each N
management strategy.
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CHAPTER II
THE INFLUENCE OF NITROGEN MANAGEMENT STRATEGIES ON RICE
PERFORMANCE AND YIELD.

Abstract
Rice (Oryza sativa L.) that is grown in the U.S. is predominantly grown in the
mid-south. Current Mississippi State University recommendations for nitrogen (N)
fertilization of rice suggest a single application of 168 kg N ha-1 on soils with CEC ≤ 20
and 202 kg N ha-1 on soils with CEC > 20. The primary objective was to identify
alternative N management strategies that may potentially be used to reduce costs
associated with aerial application of N fertilizer to rice. Research was established at the
Delta Research and Extension Center, near Stoneville, MS, on two soil textures during
2015 and 2016. The combination of N application timings and N sources resulted in eight
total N management strategies. Data from all siteyears were pooled together for analysis
to evaluate differences among N management strategies. Urea + NBPT applied in a single
application 7 days before flood (DBF), two-way split application, and ESN-2 LF
produced statistically similar and greatest mean rice grain yields. These data suggests that
N fertilizer may be applied early (2 to 3 leaf growth stage) from a ground based fertilizer
spreader prior to the levee construction. Single optimum and two-way split N
management strategies produced greater total dry matter (TDM) at heading (HDG) and
more N uptake at HDG. Collectively, the standard practice of applying Urea + NBPT in a
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single application 7 DBF should be the N management strategy of choice in mid-southern
U.S. rice production.
Introduction
Nitrogen (N) is generally the most limiting nutrient for rice production, and
maximum yield potential requires nitrogen application in a suitable amount applied at the
appropriate time (Khan et al., 2014). A proper supply of N is required for vegetative
growth and high photosynthetic rates. Nitrogen nutrition influences leaf size, spikelet
number, and grain protein content (Dobermann and Fairhurst, 2000). Matsuo et al.,
(1993) suggested visual N deficiency can be noted during both vegetative and
reproductive growth. During vegetative growth, N deficiency may reduce tiller number,
plant height, and also cause leaves to exhibit a pale green to yellow color. The most
prevalent symptom during reproductive growth is pale green to yellow leaves with
chlorosis beginning in the older leaves because N is highly mobile within the plant.
Seeds are usually drill planted and, depending on environmental conditions, could
require 0 to 3 irrigation events that add moisture to the soil until a desired leaf stage is
met to establish a permanent flood. Permanent flood is when the field is flooded to keep
competitive weed pressure reduced and the flood is maintained until crop maturity.
Typically, direct-seeded delayed-flood produced rice is flooded at the 5- to 6- leaf growth
stage, and the majority of N is applied prior to the permanent flood establishment.
Generally, this coincides with green-ring or panicle initiation (PI), this is when the rice
plant begins reproductive growth and the internodes begin to elongate. At ¾ inch
elongation coincides with panicle differentiation (PD) or midseason (MS), this is when N
fertilizer can be aerially applied into multiple applications. Currently, Mississippi State
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University Extension Service recommends a single application rate of 168 kg N ha-1 on
sandier soils and 202 kg N ha-1 on clay soils (Walker, 2008).
Panicle initiation (PI) is a critical point in the life cycle of rice in regards to N
management. Previous research suggests that N applications prior to PI determine future
rice grain yield (Matsuo et al., 1993; Norman et al., 2003). Grain number is determined
during PI; therefore, an adequate supply of N is needed to maximize this important yield
component (Yoseftabar et al., 2012).
The single optimum pre-flood N application can be described as a fertilization
practice where N is applied prior to flooding to a dry soil surface with no plan for a
midseason application (Norman et al., 1989; Brandon and Wells, 1986; Patrick et al.,
1985; Wells and Turner, 1984). This method requires the yearly sum of N to be applied at
one time, and immediate establishment of the permanent flood is crucial to avoid N
losses. Griggs et al., (2007) reported a 31 kg N ha-1 difference in N recovery when urea
was applied 14 DBF compared to 1 DBF, which was likely due to ammonia
volatilization. If permanent flood can be established immediately after N application, the
use of a urease inhibitor (applied directly to dry urea to avoid N losses via volatilization)
may not be needed (Sanz-Cobena et al., 2011; Norman et al., 2009; Dillon et al., 2012).
Urease inhibitors are used in situations where a permanent flood takes multiple days to
establish. A single application of N may save expense associated with additional
applications but often times additional N is required and multiple applications are needed.
The single greatest expense for rice production is N fertilizer ($308.00 ha-1)
followed closely by herbicide ($239.00 ha-1) (USDA, 2014). Urea fertilizer is the most
commonly used nitrogen source worldwide due to its relatively low price and its high
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(46%) N content (Heffer and Prud’homme, 2011). Blended fertilizers such as,
ammonium sulfate (AMS) and diammonium phosphate (DAP) are occasionally utilized
(USDA-NASS, 2013). These products all contain elemental N of lower analysis than urea
and are also slightly more expensive.
The use of controlled release fertilizers (CRF) has grown in popularity in row
crop agriculture since their initial use in vegetable and turf production (Payne et al.,
2015). Due to the numerous N loss mechanisms to both the atmosphere (Connell et al.,
2011) and groundwater, interest in enhanced efficiency fertilizers has increased in the
row crop industry. The two most popular CRF’s are polymer-coated urea (PCU) and
sulfur-coated urea (SCU) (Shaviv, 1996; Raban, 1994). Polymer coated urea is
manufactured by forming an insoluble polymer time release coating around each granule
of urea (Agrium U.S. Inc., 2004), and SCU is manufactured by covering the urea granule
in molten elemental sulfur plus waxes (Giordano and Mortvedt, 1970). Cost of CRF has
historically been the greatest hindrance for wide-scale use in row crop agriculture.
Limited research has been conducted on the use of PCU in delayed-flood rice
production. Most available literature has evaluated polymer coated urea as a pre-plant N
source for rice. Golden et al., (2009) suggested that PCU releases N too rapidly for preplant application in rice production utilizing a delayed flood. At PD, rice recovered 26%
of N from PCU applied pre-plant compared to 72% of N from urea applied pre-flood. By
heading, rice had recovered 37% of N from PCU and 101% of N from urea (Golden et
al., 2009). In laboratory and field incubations, PCU has shown to release >80% of its
total N content within 40 d after application (Golden et al., 2009; Golden et al., 2011).
When PCU is applied at planting, there is enough time between N application and
25

establishment of the permanent flood; for most of the N contained within the PCU to be
converted to nitrate in many soils in the mid-southern U.S. (Slaton et al., 2009; Fitts et
al., 2014). Any N converted to nitrate prior to the establishment of the permanent flood
will be lost to denitrification shortly after flooding. Properly managed urea applications
typically range in N uptake efficiency from 65 to 75% (Norman et al., 2009). Little to no
information exists on the effectiveness of PCU on rice performance if applied after crop
emergence.
This research was established to determine if PCU can be utilized in delayed
flood rice culture as an alternative N source for post crop emergence application. The
objective was to compare alternative N management strategies containing PCU to the
standard practice of applying soluble urea in a single optimum or two-way split N
management strategies. The main goal was to determine viable alternative N management
practices that could extend the current N management window for rice produced with a
delayed flood.
Materials and Methods
Five field experiments, two in 2015 and three in 2016, were conducted to
determine the influence of N management strategy on rice performance. Experiments
were established at the Mississippi State University Delta Research and Extension Center
near Stoneville, MS. Each year the experiment was conducted, the experimental fields
represented a silt-loam or more course textured soil and a clay soil that are commonly
cropped to rice in Mississippi. In 2015, experiments were established on a Commerce
very fine sandy loam (Fine-silty, mixed, superactive, nonacid, thermic Fluvaquentic
Endoaquepts; N 33o 25’5.06’ – W 90o 54’23.09’); and a Tunica clay (Clayey over loamy,
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smectic over mixed, superactive, nonacid, thermic Vertic Epiaquepts; N 33o 26’5.73’ – W
90o 54’24.64’). In 2016, experiments were established on a Commerce very fine sandy
loam (N 33o 25’5.06’ – W 90o 54’23.09’), Bosket very fine sandy loam, (Fine-silty,
mixed, active, thermic Aquic Hapludalfs; N 33o 25’13.75’ – W 90o 54’32.78’); and a
Tunica clay (N 33o 26’5.73’ – W 90o 54’24.64’).
For experiments conducted in 2015, soybean [Glycine max (L.) Merr.] was the
previous crop grown. For experiments conducted in 2016, rice was the previous crop
grown for all sites. Eight composite soil samples (two per replicate) were collected from
the 0-to 15-cm depth at each experimental site before planting each siteyear. Each
composite sample consisted of eight 2.5-cm diameter cores. Soil samples were ovendried, crushed to pass through a 2-mm sieve, and extracted with Mehlich-3 (Mehlich,
1984). Mehlich-3 extracts were analyzed using inductively coupled atomic plasma
spectroscopy (ICPS, Soltanpour et al., 1996). Soil water pH was determined in a 1:2 soil
weight: water volume ratio using a glass electrode. Selected soil chemical properties from
each site year are presented in Table 2.1.
Rice cultivar ‘Clearfield 163’ was drilled into plots measuring 1.62 × 4.57-m at
18.5 kg seed ha-1. Rice cultivar was selected based on physical features (semi-dwarf)
along with disease package [moderately susceptible (MS) to lodging, MS to kernel smut,
Resistant (R) to narrow brown leaf spot, MS to bacterial panicle blight, Moderately
Resisitant (MR) to straight head, Susceptible (S) to blast, and Very Susceptible (VS) to
sheath blight] (CL 163; Horizon Ag, 8275 Tournament Dr Ste 255, Memphis TN 38125).
Each plot consisted of eight drills of rice spaced 20-cm apart separated by a perpendicular
alley 1.5-m across. To ensure no nutrients were limiting phosphorus, was applied as triple
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superphosphate at a rate of 21 kg P ha-1, potassium applied as potash at a rate of 54 kg K
ha-1, and zinc as zinc sulfate at a rate of 2 kg S ha-1 to each experimental area.
Each year, weeds were controlled with a mixture of clomazone at 0.34 kg ai ha-1
(2-(2-chlorophenyl)methyl-4,4-dimethyl-1-1,2-oxazolidin-3-one) plus saflufenacil at 0.04
kg ai ha-1 (N’-[2-chloro-4-fluoro-5-(3-methyl-2,6-dioxo-4-(trifluromethyl)-3,6-dihydro1(2H)-pyrimidinyl)benzoyl]-N-isopropyl-N-methylsulfamide) plus 0.05 kg ai ha-1
halosulfuron (methyl 3-chloro-5-[(4,6-dimethoxy-2-pryimidinyl)amino]sulfonyl]-1methyl-1H-pyrazole-4-carboxylate) applied to the soil surface prior to rice emergence.
This was followed by three- to five- leaf growth stage application mixture of imazethapyr
at 0.08 kg ai ha-1 (2—[4,5-dihydro-4-methyl-4-(1-methylethyl)-5-oxo-1H-imidazol-2-yl]5-ethyl-3-pyridinecarboxylic acid) plus quinclorac at 1.54 kg ae ha-1 (3,7-dichloro-8quinolinecarboxylic acid). Rice management closely followed the Mississippi State
University Extension Service recommendations for stand establishment, pest
management, and irrigation management.
Nitrogen sources included AMS (21-0-0-24S), PCU (44-0-0), DAP (18-46-0), and
urea + NBPT (46-0-0). Sources were chosen for their availability and common use in
Mississippi. The PCU product utilized was Environmentally Smart Nitrogen (ESN;
Agrium Inc. 13131 Lake Fraser Drive S.E. Calgary, Alberta). Environmentally Smart
Nitrogen is characterized by Agrium as having 80% N release at a minimum of 30 d and
a maximum of 60 d (23oC) (Agrium U.S. Inc., 2004). The NBPT product Agrotain Ultra
(Koch Agronomic Services, 4111 East 37th St N Wichita, KS) was utilized to coat dry
urea fertilizer and has been proven to reduce N loss via ammonia volatilization Frame et
al., (2012).
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All N sources were broadcast by hand to randomly assigned plots at total N rates
based on soil texture plus two untreated checks which were then averaged per replication.
Applications of N were applied to the soil surface using a combination of timings and
sources to evaluate eight different N management strategies (Table 2.2). Rates and
timings were based on previous research to maximize N availability at critical N
requirement growth stages (Walker, 2008).
Aboveground rice biomass was collected in a 1-m length of the second or seventh
drill row. Plant samples were harvested by hand-cutting the total aboveground biomass
slightly above the soil surface at PD and 100% heading (HDG) for determination of total
N uptake. Plant samples were oven-dried at 60oC, weighed, and ground. Total N
concentration was determined on a subsample of plant tissue by dry combustion
(Elementar, Mount Laurel, NJ: Campbell, 1992).
Total N uptake was calculated using plant N concentration (%) x total dry matter
accumulation (weight kg ha-1) = N uptake ha-1.
Whole aboveground portions of rice plants were collected from a 1-m section of
row in the second or seventh drill row of each plot. After collection, aboveground
portions of rice plants were oven-dried and mass for each sample was determined using a
calibrated Denver Instrument Company XE series model 400 balance (Denver Instrument
Company, 5 Orville Dr.; Bohemia, NY). From the HDG aboveground biomass sample,
number of tillers m-1 were determined. Rough rice samples were collected at the time of
harvest, and from this sample, a sub-sample was collected to determine milling quality of
each treatment. The samples were hulled in a huller, milled in a McGill miller, and
broken kernels were removed in order to determine milling yield (Bautista and
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Siebenmorgen, 2002). Rough rice is rice that is still contained inside its hull, milled rice
is rice that has been removed from its hull, and head rice is rice that has been removed
from its hull plus been cleaned and had all broken kernels removed.
Milled Rice Yield = (Milled Rice/Rough Rice)*100
Head Rice Yield = (Head Rice/Rough Rice)*100.
A small-plot combine (Wintersteiger, Inc., Salt Lake City, UT) was used to
harvest each plot. Rice yields were collected and adjusted to 120 g kg-1 moisture content
for yield analysis.
Individual experiments were designed as a randomized complete block with
treatments, (treatments being N management strategy) replicated four times. Means for
rice grain yield, total dry matter (TDM), and yield components were calculated across
replicates for each siteyear. Type III statistics were used to test for treatment effects, and
least square means were separated at the P < 0.05 significance level.
Data were subjected to ANOVA using the PROC MIXED procedure in SAS v.
9.4 (SAS Institute Inc. 100 SAS Campus Drive Cary, NC 27513-2414, USA). Least
square means were calculated and mean separation (p < 0.05) was produced using
PDMIX800 in SAS (Table 2.4), a macro for converting mean separation output to letter
groupings (Saxton, 1998).
Results and Discussion
Total Dry Matter and N Uptake
Panicle Differentiation
Total dry matter (TDM) differed among N application strategies at panicle
differentiation (Table 2.5). Averaged across siteyears, TDM was similar among the two30

way split (4621 kg ha-1), and single optimum (4537 kg ha-1) N management strategies.
Differences between the two-way split and single optimum strategies were expected for
PD TDM due to the differences in treatments at this sample timing (i.e. midseason
fertilizer had not yet been applied prior to sampling; Table 2.2). Nitrogen management
strategy PCU-DAP produced similar TDM to single optimum and two-way split but was
also similar to all PCU strategies except PCU-AP and ESN+MS. However, the similar
results between the 2-LF PCU-DAP applications suggests that, based on TDM alone, the
window for N fertilization may widen with the use of a PCU in combination with a small
amount of readily available N (i.e. 34 kg N ha-1 supplied as DAP and AMS). Previous
research suggests the majority of N applied prior to flooding is recovered by PD (Bufogle
et al., 1997, Wilson et al., 1989; Brandon and Wells, 1986). PCU-AP produced greater
TDM than the untreated check but yielded similar biomass to rice that received the PCU2LF and ESN+MS management strategy (Table 2.5).
Nitrogen uptake at PD was greatly affected by N source (Table 2.6). The single
optimum (87 kg N ha-1) produced the greatest N uptake at PD; however, two-way split
was similar to single optimum and NBPT-DAP management strategy. Nitrogen uptake at
PD was similar among NBPT-DAP (66 kg N ha-1), PCU-2LF, PCU+MS, PCU-DAP, and
PCU-7 DBF, and greater than the untreated control and PCU-AP (Table 2.3). Carreres et
al., (2003) noted that N recovery from pre-flood applied PCU ranged from 45 to 62 kg N
ha-1 depending on percent of PCU being utilized. Nitrogen uptake at PD from rice
receiving PCU-AP (46 kg N ha-1) and the untreated check (33 kg N ha-1) was similar
(Table 2.3). Golden et al., (2009) reported that N uptake at PD differed among siteyears,
N sources, and sample times; similarly, these data also showed a difference in sources
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and application timing. All N management strategies that contained PCU (2-LF and 7
DBF) produced lower N uptakes than either N management strategies containing urea N
applied 7DBF.
Heading
Nitrogen uptake at HDG is crucial because N has reached the maximum
accumulation in the plant (Wilson et al., 1989). If nutrients are limiting at HDG the
number of seeds panicle-1 and root mass could be reduced, which may result in reduced
yield. Nitrogen application via two-way split produced 16,948 kg ha-1mean aboveground
biomass at HDG, which produced similar aboveground biomass to rice receiving N with
the single optimum pre-flood strategy (Table 2.5); Westcott et al., (1986) reported similar
results with rice receiving urea in a split application method recovering more N than the
single pre-flood method. The trend for TDM parallels to that of N uptake at both PD and
HDG (Table 2.6). Similarly, Wilson et al., (1998) showed the importance of pre-flood N
and its relationship with TDM accumulation and N uptake.
All N management strategies applied at 2-LF as well as the PCU-7 DBF produced
similar N uptake at HDG. All N management strategies produced greater N uptake at
HDG when compared to PCU-AP. Untreated check produced similar HDG N uptake as
PCU-AP. (Table 2.5). Heading N uptake was 33% less for PCU applied at planting
compared to single optimum and 46% less when UTC was compared to single optimum.
Golden et al., (2009) reported similar results with N uptakes from UTC performing 73%
less and PCU at planting 46% less than urea. Nitrogen uptake at heading was greatest
when the two-way split and/or single optimum pre-flood N management strategies were
utilized (Table 2.6), Norman et al., (2009) reported similar results from rice receiving
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pre-flood NBPT treated urea applied 10 DBF. Differences in N recovery occurred due to
the extended days before flooding so N losses likely occurred. Fitts et al., (2014) reported
no differences in N uptake when comparing PCU and urea + dicyandiamide (DCD); there
was also no difference in grain yield unless urea was applied 1 DBF.
Carreres et al., (2003) evaluated PCU and DCD treated urea, reported that N
uptake was similar among the two sources. N losses likely occurred, which caused total N
uptake from the urea source to be lower because flooding was delayed from 2 to 15 days
(this study had a flooding delay of 7 d). Golden et al., (2009) observed similar results
when evaluating urea applied pre-flood with mean heading uptake of 186 kg N ha-1.
All treatments produced greater N uptake at HDG compared to the untreated
check except PCU-AP (Table 2.4). Golden et al., (2009) showed similar results
comparing PCU-AP and untreated check, his observations were PCU-AP (100 kg N ha-1)
and UTC (50 kg N ha-1). Similarly, this data suggest that the PCU applied at planting is
too early of an application in delayed-flood rice production and N losses occurred post
flood via denitrification (Golden et al., 2009). Rice receiving PCU fertilization at either
2-LF or 7 DBF produced similar N uptake. The PCU-7 DBF likely was applied too late,
the slow release nature of the product would not have allowed the bulk of N to become
available till after PD.
Milling
Nitrogen management strategy had no effect on milled rice yield. All N
management strategies including UTC produced similar grain milling yield (Table 2.4,
2.7). Perez et al., (1996) reported difference in milling responses for both heading and
milling rice yields when comparing N fertilizer vs untreated check (0 kg N ha-1); but
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similar results when comparing N rates (80, 40, 27 kg N ha-1). Perez et al., (1996)
reported similar trends in data when applying late-season N fertilizer although their
findings were significant. Lack of differences could be accounted to entire trial being the
same rice variety and all N sources receiving the same recommended N rate per soil
texture. Walker et al., (2008) noted differences when comparing rice cultivars and N
application timings, their results suggest one soil texture producing greater milling yield
when N application occurred at panicle emergence. Differences were noted when
observing cultivar and pre-flood N application on both soil textures and panicle
emergence on the clay soil texture (Walter et al., 2008). A minimum rate of 151 kg N ha-1
was needed to achieve a significant response from pre-flood N; and 50 kg N ha-1 for a
response from the panicle emergence application (Walker et al., 2008).
Although all siteyears in this research were planted and harvested on the same
date; maturity has been reported to have influences on milling quality. Ranganath et al.,
(1970) and Srinivas et al., (1978) reported that if grain is too dry that the fissures created
in the grain will result in broken kernels and in return will reduce milling yield.
Alternatively if grain moisture is too high, green kernels can reduce milling yield.
Fagade and Ojo, (1977) reported an increase in milling quality of 7% when
comparing no fertilization to 75 kg N ha-1. Seetanum and De Datta, (1973) showed
topdressing N increased head rice yield percent, and Leesawatwong et al., (2005) showed
no statistical differences between N treatments when comparing two N rates and four
cultivars. Rice cultivar selection and harvest date appear to have the greatest influence
over milling quality.
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Harvest Moisture
Harvest moisture as a result of N management strategy differed (Table 2.4),
untreated check resulted in a moisture of 15.7% (Table 2.8) was similar to PCU-AP
16.6%; however, PCU + MS and PCU-7 DBF were similar to PCU-AP. Single optimum
(18.6%), two-way split (18.4%) application were the greatest moisture. Blended NBPTDAP applied at 2-LF had a moisture of 17.7% which was drier grain than the other urea +
NBPT strategies but was similar to several PCU strategies (PCU-2LF, PCU+MS, PCUDAP) and two-way split. Increased grain moisture will delay days to harvest. Carreres et
al., (2003) reported no difference in days to maturity or 50% heading when comparing
urea to PCU (32% N) or PCU (40% N). Bollich et al., (1999) reported a delay of 2 and 3
days to 50% heading when comparing straight urea to PCU. All management strategies
received the same amount of yearly N; therefore, harvest moisture shows a strong linear
relationship with N uptake (Table 2.6).
Amount of N fertilization and time of application can impact grain yield;
however, it can also negatively influence harvest moisture. Jongkaewwattana et al.,
(1993); Nangju and De Datta, (1970) showed that N fertilization increases grain moisture.
Data from current research showed similar results in that extreme N fertilization rates can
increase grain moisture content up to 2.9% when comparing single optimum to untreated
control.
Tillers
Number of tillers (Table 2.4) was influenced by N management strategies when
compared to the untreated check (50) except PCU-AP (53) (Table 2.8). Single optimum
(68), two-way split (67), and PCU+MS (65) application produced more tillers. Nitrogen
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source may have influenced number of tillers because single optimum, two-way split and
PCU + MS all have urea applied at some stage during the management strategy. Nitrogen
fertilization that occurs at or near panicle formation has been reported to increase number
of spikelets (Matsushima, 1976; Hasegawa et al., 1994). Data from current research
suggests a strong linear relationship between number of tillers and grain yield occurred;
therefore, number of tillers was correlated to yield potential. Number of tillers also
appeared to be correlated to N uptake similarly to Wada (1969) and Hasegawa et al.,
(1994). If number of tillers is statistically similar among strategies but different among
grain yield, then the N management strategy must have had an effect on filled grains per
panicle or grain weight. Carreres et al., (2003) noted no change in number of panicles m2

, but did when DBF timing was altered from 2 DBF to 15 DBF. Number of panicle-2,

grain weight, and filled grains per panicle was decreased with the use of ammonium
sulfate (Carreres et al., 2003), this may have contributed to the low grain yields of the
two blended fertilizer treatments which contained AMS.
Overall, these data suggest that in order to maximize number of tillers, a readily
available N source should be applied at or near PI. From these data, urea as a source of N
produced greater number of tillers when applied at 7 DBF compared to PCU regardless of
PCU management strategy.
Grain Yield
All management strategies receiving N fertilization produced greater grain yield
than the untreated check (5194 kg ha-1) (Table 2.8). Single optimum (7958 kg ha-1), twoway split (7865 kg ha-1), and PCU-2LF (7506 kg ha-1) produced the greatest grain yield
(Table 2.8). Single optimum N management strategy outperformed all PCU treatments
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except PCU-2LF. Nitrogen recovery was not different between single optimum and twoway split but yielded similar grain (Table 2.6); therefore, midseason split application may
not be required. Slaton et al., (2009) showed urea applied pre-flood yielded
approximately 7535 kg ha-1, which was similar results to single optimum; however PCU
applied at two leaf growth stage produced greater yields (at 38% PCU-N). Two-way split
midseason urea application only outperformed single optimum at increasing HDG TDM
although not significant (Table 2.5). Similar results were observed by Reddy and Patrick
(1980) when they noted a relationship between N uptake and grain yield.
Nitrogen management strategies PCU+MS, PCU-7DBF, PCU-DAP at two-leaf
growth stage all produced similar yields as the two-way split and PCU-2LF. Hefner and
Tracy (1991) showed that sulfur coated urea performed equally well as urea when applied
early in furrow-irrigated rice. Wells and Shockley (1975) reported similar results on
flooded rice. Previous research has shown yield potential is determined by the pre-flood
N application (Brandon et al., 1982; Mengel and Wilson, 1988; Wilson et al., 1998) and
maximum yields are obtained when N is applied to dry soil and flooded immediately
(Mengel and Wilson, 1988; Norman et al., 1988, 1989). Both PCU-AP and NBPT-DAP
produced similar grain yields. Slaton et al., (2009) showed when comparing PCU at
planting and the untreated check yielding similar grain yield.
Clark et al., (2000) showed that urea only outperformed AMS when the flood
could be immediately applied; however, AMS could be a better source of N if flooding
was delayed more than seven days due to minimum volatilization losses. Bufogle et al.,
(1998) also reported that urea and AMS were equally efficient at increasing rice grain
yield; however, AMS would decrease methane emissions. Due to the low N analysis of
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AMS, much more product would be needed to achieve < 168 kg N ha-1. Unless sulfur is
needed, urea should remain the N source of choice to achieve maximum grain yields.
Surekha et al., (1999) showed that urea is a superior N source at increasing grain yields
than calcium ammonium nitrate.
Summary
The ultimate goal of this research was to evaluate alternative N management
strategies that could extend the N management window on semi-dwarf long-grain rice
produced with a delayed-flood in the mid-southern U.S. Research compared the influence
of N fertilizer additions on three commonly cropped soils in Mississippi, CEC ≤ 20 and
CEC ≥ 20. Nitrogen management strategy affected several potential yield indicator
variables such as TDM, N uptake, and number of tillers.
Total aboveground biomass was influenced by N management strategy at both PD
and HDG. Single optimum and two-way split management strategies outperformed PCUbased management strategies in all yield indicator variables including number of viable
tillers, HDG TDM and HDG N uptake. The only negative aspect to the urea based
products was the increase of grain moisture at harvest.
Numerous authors have reported N uptake and yield increases with PCU
application in upland crops including corn (Zea mays L.), wheat (Triticum aestivum L.),
and potatoes (Solanum tuberosum L.) (Peng et al., 2015; Zvomuya et al., 2003; Beres et
al., 2012). A few authors have reported that PCU has promise in rice production (Bollich
et al., 1999; Slaton et al., 2009; Golden et al., 2009). Most of the rice work has been
conducted in direct-seeded delayed-flood production systems. Research suggests that
PCU management strategies need to be altered to be effective in dry-seeded, delayed
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flood culture. In this research, we observed rice yields produced with PCU management
strategies ranging from 6 to 17 % less than yields achieved with the standards of single
optimum pre-flood and two-way split application strategies with urea. The slow release
nature of PCU did not perform as well as urea in the aquatic environment of rice
production or proper timing of application for this product is yet to be determined. Offsite
fertilizer granular movement may contribute to reduced grain yield by PCU; which was
observed during irrigation.
Nitrogen fertilizer additions positively impacted rice grain yields; however the
urea-based strategies applied at 7 DBF outperformed the slow-release product PCU in
grain yield except PCU applied at two leaf growth stage. If PCU was to become an
alternative N source for delayed-flood rice production in the mid-southern U.S. then
future research on application timing is required; however, research further validated a
single urea + NBPT application of 168 kg N ha-1 on CEC ≤ 20 soils and 202 kg N ha-1 on
CEC > 20 soils produced optimal grain yield.
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Table 2.1

Selected soil chemical properties (n=4) of research sites managed at the
Delta Research and Extension Center in 2015 and 2016.
Mehlich-3 extractable nutrients

Site-year

Soil
pH

O.M.

CEC

(1:2)

(%)

meq/
100g

- - - - - - - - - - - - - - -mg kg-1- - - - - - - - - - - - - - -

Tunica 2015

7.9

1.1

23.8

73

408

7132

1286

56

158

6.0

Commerce 2015

6.7

1.1

19.9

53

528

5564

1267

31

159

6.6

Tunica 2016

7.1

1.5

21.8

117

712

7201

1455

44

35

9.9

Commerce 2016

7.9

1.0

17.8

164

398

7154

1184

85

94

11.3

Bosket 2016

8.1

1.2

20.0

82

567

11297

1680

84

70

8.3

P
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K

Ca

Mg

Na

S

Zn

Table 2.2

Dates of agronomic importance for rice research at the Delta Research and
Extension Center in 2015 and 2016 for research trials evaluating N additions
to rice.

Event

Site 1

Site 2

Site 3

Site 4

Site 5

- - - - - - - - - - - - - - - - - - - -Month/day- - - - - - - - - - - - - - - - - - - 5/12

6/10

5/06

6/20

5/12

5/12

6/10

5/17

6/28

5/13

2-LF growth stage

5/29

6/24

5/26

7/06

6/06

7-DBF

6/15

7/02

6/06

7/15

6/08

Panicle initiation

7/05

8/03

7/06

8/06

7/06

Panicle
differentiation
biomass samples

7/10

8/07

7/11

8/10

7/11

Permanent flood

6/19

7/10

6/13

7/21

6/14

Midseason

7/10

8/07

7/11

8/10

7/11

Heading biomass
samples

8/21

9/24

9/02

10/17

9/08

Harvest date

9/28

10/09

9/07

10/19

9/21

Planting date
PCU-AP

(AP – At planting; 2-LF – two leaf growth stage; DBF – days before flooding)
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Table 2.3

Nitrogen management strategy with respect to time of application and
amount of N applied for each soil texture during 2015 and 2016 growing
season at the Delta Research and Extension Center.

N Strategy
Single optimum

Time of Application
urea + NBPT ‘7 DBF’

Two-way split

urea + NBPT ‘7 DBF’ +
urea ‘midseason’

PCU-2LF
PCU+MS
PCU-7 DBF
PCU-DAP-

PCU ‘2 LF’
PCU ‘2 LF’ + urea
‘midseason’
PCU ‘7 DBF’
Blend ‘2 LF’

NBPT-DAP-

Blend ‘2 LF’

PCU-AP
UTC

PCU ‘at planting’
NONE

168 kg N ha-1
168 kg N ha-1 urea +
NBPT
134 kg N ha-1 urea +
NBPT
34 kg N ha-1 urea
168 kg N ha-1 PCU
134 kg N ha-1 PCU
34 kg N ha-1 urea
168 kg N ha-1 PCU
134 kg N ha-1 PCU
22 kg N ha-1 DAP
12 kg N ha-1 AMS
134 kg N ha-1 urea +
NBPT
22 kg N ha-1 DAP
12 kg N ha-1 AMS
168 kg N ha-1 PCU
0

202 kg N ha-1
202 kg N ha-1 urea +
NBPT
168 kg N ha-1 urea +
NBPT
34 kg N ha-1 urea
202 kg N ha-1 PCU
168 kg N ha-1 PCU
34 kg N ha-1 urea
202 kg N ha-1 PCU
168 kg N ha-1 PCU
22 kg N ha-1 DAP
12 kg N ha-1 AMS
168 kg N ha-1 urea +
NBPT
22 kg N ha-1 DAP
12 kg N ha-1 AMS
202 kg N ha-1 PCU
0

(N – nitrogen DBF – days before flood; MS – midseason/panicle differentiation; UTC – untreated check; 2-LF – two leaf growth
stage; DAP – diammonium phosphate; AMS – ammonium sulfate; PCU – Polymer coated urea; NBPT – [N-(n-butyl)thiophosphoric
triamide; AP – at planting)

Table 2.4

Analysis of variance p-values table for data taken during 2015 and 2016
growing season at the Delta Research and Extension Center.

Measurement
Number of tillers
Harvest Moisture
PD N UP
HDG N UP
PD-TDM
HDG-TDM
Head rice yield
Grain yield
Milled rice yield

Number DF
9
9
9
9
9
9
9
9
9

Treatment DF
167
171
169
133
165
183
120
166
120

F Value
28.56
7.01
12.15
12.37
13.45
16.58
1.07
15.6
0.77

(PD – panicle differentiation; N – nitrogen; HDG – heading; UP – uptake; TDM – total dry matter)
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Pr > F
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.3888
<0.0001
0.6434

Table 2.5

The main effect of nitrogen management strategy influence on total dry
mass matter at two timings [panicle differentiation (PD) and heading
(HDG)] for research pooled across all site years during 2015 and 2016 at the
Delta Research and Extension Center.
Treatment

Single optimum
Two-way split
PCU-2LF
PCU+MS
PCU-7DBF
PCU-DAPNBPT-DAPPCU-AP
UTC

PD total dry matter ϯ
kg ha-1
4537 a
4621 a
3691 bcd
3327 cd
3844 bc
4093 ab
3756 bc
3151 d
2415 e

HDG total dry matter ϯ
kg ha-1
16298 a
16948 a
14245 b
14301 b
14362 b
13998 b
14601 b
11702 c
10174 c

Ϯ(Means within a column followed by the same letter are not significantly different at P ≤ 0.05)
(PCU-2LF – polymer coated urea applied at 2 leaf growth stage)
(PCU + MS – polymer coated urea applied at 2 leaf growth stage plus a midseason urea application)
(PCU-7 DBF – pokyner coated urea applied 7 days before permanent flood establishment)
(PCU-DAP – Blended combination of polymer coated urea, diammonium phosphate, and ammonium phosphate applied at 2 leaf
growth stage)
(NBPT-DAP – [N-(n-butyl) thiophosphoric triamide treated urea, DAP, and AMS applied at 2 leaf growth stage)
(PCU-AP – polymer coated urea applied at planting)
(UTC – untreated control)

Table 2.6

The main effect of nitrogen management strategy influence on nitrogen
uptake at two timings [panicle differentiation (PD) and heading (HDG)] for
research pooled across all site years during 2015 and 2016 at the Delta
Research and Extension Center.
Treatment

Single optimum
Two-way split
PCU-2LF
PCU+MS
PCU-7DBF
PCU-DAPNBPT-DAPPCU-AP
UTC

PD nitrogen uptake ϯ
kg N ha-1
87 a
79 ab
60 cd
53 cd
62 c
63 c
66 bc
46 de
33 e

HDG nitrogen uptake ϯ
kg N ha-1
156 a
164 a
127 b
135 b
126 b
120 bc
131 b
104 d
84 d

Ϯ(Means within a column followed by the same letter are not significantly different at P ≤ 0.05)
(PCU-2LF – polymer coated urea applied at 2 leaf growth stage)
(PCU + MS – polymer coated urea applied at 2 leaf growth stage plus a midseason urea application)
(PCU-7 DBF – pokyner coated urea applied 7 days before permanent flood establishment)
(PCU-DAP – Blended combination of polymer coated urea, diammonium phosphate, and ammonium phosphate applied at 2 leaf
growth stage)
(NBPT-DAP – [N-(n-butyl) thiophosphoric triamide treated urea, DAP, and AMS applied at 2 leaf growth stage)
(PCU-AP – polymer coated urea applied at planting)
(UTC – untreated control)
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Table 2.7

The main effect of nitrogen management strategy influence on rice milling
for research pooled across all site years during 2015 and 2016 at the Delta
Research and Extension Center.
Treatment

Single optimum
Two-way split
PCU-2LF
PCU+MS
PCU-7DBF
PCU-DAPNBPT-DAPPCU-AP
UTC

Milling rice yield ϯ
%
68.3 a
68.9 a
68.5 a
69.2 a
68.8 a
68.3 a
68.0 a
69.2 a
68.3 a

Head rice yield ϯ
%
57.9 a
58.1 a
56.9 ab
57.9 a
56.9 ab
56.8 ab
55.6 b
57.2 ab
56.8 a

Ϯ(Means within a column followed by the same letter are not significantly different at P ≤ 0.05)
(PCU-2LF – polymer coated urea applied at 2 leaf growth stage)
(PCU + MS – polymer coated urea applied at 2 leaf growth stage plus a midseason urea application)
(PCU-7 DBF – pokyner coated urea applied 7 days before permanent flood establishment)
(PCU-DAP – Blended combination of polymer coated urea, diammonium phosphate, and ammonium phosphate applied at 2 leaf
growth stage)
(NBPT-DAP – [N-(n-butyl) thiophosphoric triamide treated urea, DAP, and AMS applied at 2 leaf growth stage)
(PCU-AP – polymer coated urea applied at planting)
(UTC – untreated control)

Table 2.8

The main effect of nitrogen management strategy influence on harvest
moisture, number of tillers, and grain yield for research pooled across all
site years during 2015 and 2016 at the Delta Research and Extension Center.

Treatment
Single optimum
Two-way split
PCU-2LF
PCU+MS
PCU-7DBF
PCU-DAPNBPT-DAPPCU-AP
UTC

Harvest moisture ϯ
%
18.6 a
18.4 ab
17.3 cde
17.0 cdef
16.8 def
17.5 cd
17.7 bc
16.6 fg
15.7 g

Number of tiller ϯ
Linear row 1-m
68 a
67 a
60 b
65 a
62 b
61 b
61 b
53 cd
50 d

Grain yield ϯ
kg ha-1
7957.6 a
7865.3 ab
7506.3 abc
7434.1 bc
7395.0 bc
7356.0 bc
7093.9 cd
6643.0 d
5194.0 e

Ϯ(Means within a column followed by the same letter are not significantly different at P ≤ 0.05)
(PCU-2LF – polymer coated urea applied at 2 leaf growth stage)
(PCU + MS – polymer coated urea applied at 2 leaf growth stage plus a midseason urea application)
(PCU-7 DBF – pokyner coated urea applied 7 days before permanent flood establishment)
(PCU-DAP – Blended combination of polymer coated urea, diammonium phosphate, and ammonium phosphate applied at 2 leaf
growth stage)
(NBPT-DAP – [N-(n-butyl) thiophosphoric triamide treated urea, DAP, and AMS applied at 2 leaf growth stage)
(PCU-AP – polymer coated urea applied at planting)
(UTC – untreated control)
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CHAPTER III
EVALUTATION OF EXPERIMENTAL POLYMER-COATED UREA COMPARED
TO TREATED UREA ON DELAYED-FLOOD RICE PRODUCTION.

Abstract
Field studies were conducted in 2015 and 2016 in Stoneville, MS, to evaluate rice
response to product experimental polymer-coated urea (EXP-PCU). Studies were
conducted on soils with CEC ≤ 22 and CEC ≥ 25 that are commonly used for rice
production in Mississippi. The primary objective of this study was to compare EXP-PCU
to the more common pre-flood nitrogen (N) source popular in the mid-southern U.S.
system. A 2 x 2 x 2 factorial treatment arrangement; timings (10 to 14 days before
permanent flood (DBF) and 3 to 5 DBF) x source (urea + [N-(n-butyl) thiophosphoric
triamide] (NBPT) and EXP-PCU) x rate (168 kg N ha-1 and 202 kg N ha-1) in attempt to
determine if EXP-PCU can be utilized in rice production system. Data was collected to
determine net total dry matter (TDM) at heading (HDG), net N-uptake at HDG, viable
tillers, harvest moisture, and net rice grain yield. After two years of data (n = 4 siteyear)
N rate, N source and application timing are all important factors at improving rice yields
in the mid-southern U.S. In general, urea as an N source compared to EXP-PCU at a rate
of 202 kg N ha-1 rather than 168 kg N ha-1 applied 3 to 5 DBF instead of 10 to 14 DBF
results in greater grain yield and N uptake.
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Introduction
Nitrogen (N) is generally the most limiting nutrient for rice (Oryza sativa L.)
production, and maximum yield potential requires nitrogen application in the suitable
amount applied at the appropriate time (Khan et al., 2014). A proper supply of N is
required for vegetative growth and high photosynthetic rates. Nitrogen nutrition
influences leaf size, spikelet number, and grain protein content (Dobermann and
Fairhurst, 2000). Matsuo et al., (1993) visual N deficiency can be noted during both
vegetative and reproductive growth. During vegetative growth, N deficiency may reduce
tiller number, plant height, and also cause leaves to exhibit a pale green to yellow color.
The most prevalent symptom during reproductive growth is pale green to yellow leaves
with chlorosis beginning in the older leaves because N is highly mobile within the plant.
Seeds are usually drill planted and, depending on environmental conditions, could
require 0 to 5 water flushings (irrigations) that add moisture to the soil until a desired leaf
stage is met to establish a permanent flood. Permanent flood is when the field is flooded
to keep competitive weed pressure reduced and this flood is maintained until crop
maturity. Typically, rice is flooded at the 5- to 6- leaf growth stage, and a majority of N is
applied prior to the permanent flood establishment. Generally, this coincides with greenring or panicle initiation (PI), this is when the rice plant begins reproductive growth and
the internodes begin to elongate. At ¾ inch elongation coincides with panicle
differentiation (PD) or midseason, this is when N fertilizer can be aerially applied into
multiple applications. Currently, Mississippi State University research recommends a
single application rate of 168 kg N ha-1 on sandier soils and 202 kg N ha-1 on clay soils
(Walker, 2008).
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Panicle initiation in rice growth stage that is critical in regards to N management.
Previous research has suggests that N applications prior to PI set rice grain yield (Matsuo
et al., 1993; Yoseftabar et al., 2012; Brandon et al., 1982; Mengel and Wilson, 1988;
Wilson et al., 1998).
In Mississippi, the preferred method of N fertilization is to apply granular urea to
a dry soil surface near the five- to six-leaf growth stage followed by establishment of the
permanent flood. Often times two or more midseason applications of granular urea are
applied into the floodwater to make up the yearly balance of N fertilization. Annually
approximately 100 % of Mississippi rice hectarage receives N fertilization at an average
yearly rate of 212 kg N ha-1 in 3 applications (USDA-NASS, 2013).
In the majority of the mid-southern U.S. states, the single optimum or two-way
split applications are preferred for rice produced for the direct-seeded, delayed-flood
method. Shown is the average number of N applications per state in the rice-growing
region: i) Arkansas 2.1, ii) Louisiana 2.6, iii) Missouri 2.4, and iv) Texas 3.3 (USDANASS, 2013). The single optimum pre-flood nitrogen application can be described as a
fertilization practice where nitrogen is applied prior to flooding to a dry soil surface with
no plan for a midseason application. This requires the yearly needed N all at one time and
immediate establishment of the permanent flood is crucial to avoid N losses. Griggs et
al., (2007) reported a 31 kg N ha-1 difference in N recovery when urea was applied 14
DBF vs 1 DBF, which is due to ammonia volatilization. If the permanent flood can be
established immediately after N application, the use of a urease inhibitor may not be
needed (Sanz-Cobena et al., 2011; Norman et al., 2009; Dillon et al., 2012). Urease
inhibitors are ideally suited for situations where a permanent flood takes days (more than
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5) to establish or use ammonium sulfate (AMS), which has a much lower N analysis than
urea if the flood cannot be established in a timely manner (Clark et al., 2000; Norman et
al., 2009; Dillon et al., 2012).
Norman et al., (2003) reported that rice recovery of properly managed pre-flood
urea-N was 60 to 75% of the total applied N. If flooding is delayed greater than three
days, then the urea should be coated with an NBPT product; if flooding can be achieved
sooner, then untreated urea is acceptable with minimal N losses. If urea based fertilizer
were to be applied much in advance of permanent flood establishment (15 to 10 DBF)
then the possibility for N losses increases. The likelihood of encountering moist soil
conditions during this extended time increases, either through irrigation or rainfall
(average 50.3 cm of precipitation during 2015 and 2016 growing season at Stoneville,
MS). Flooded conditions favor denitrification (NO3 – NO2 – NO + N2O – N2) and moist
soil conditions favor ammonia volatilization (NH2)2CO + H2O – NH3 + H2NCOOH –
2NH3 + CO2.
Rice produced with the direct-seeded delayed-flood method utilizes aircraft
extensively for N application due to levee construction. Often times there is a waiting list
for aerial applicators, and N product that could be applied well in advance of the
establishment of the permanent flood may offer flexibility with scheduling the pre-flood
N fertilizer application.
The use of polymer coated ureas (PCU’s) in U.S. rice production has been scarce,
primarily due to their high cost and handling characteristics. Most research evaluating
PCU’s for use in delayed flood rice production has investigated their use as a pre-plant
applied fertilizer. Early work suggested that PCU fertilizer may have a fit in delayed
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flood rice culture (Bollich et al., 1999). In Arkansas, pre-plant applications of PCU
fertilizer proved to be inefficient at supplying the needed N to maximize rice grain yield
(Golden et al., 2009). The authors surmised that N losses occurred through irrigation and
rain events via denitrification prior to flooding and subsequently after establishment of
the permanent flood. By applying PCU onto the soil surface (yearly N rate in a single
application) at 14 DBF, Golden et al., (2011) reported that N release from a PCU
occurred within 40 days after application. In theory, full N release from PCU product
would occur approx. 20 days after permanent flood establishment which would coincide
with PD growth stage, however this theory has not been evaluated.
The release mechanism for the PCU is diffusion, due to the elastic nature of the
polymer the amount of water entering the granule is limited. As water enters the granule,
salts are dissolved and a concentration gradient is established between internal and
external solution (Oertli and Lunt, 1962). Physical properties of the granule have effects
on rate of N release such as thickness of polymer coating (Similar release response from
Osmocote fertilizers) (Shaviv, 2003; Cabrera, 1997) which is dependent upon granule
radius and coating thickness, temperature, (Oertli and Lunt, 1962; Cabrera, 1997) and
possibly salt content (Shaviv, 2003).
The protective polymer coating reduces N loss from multiple pathways such as
leaching, volatilization, and runoff (Peng et al., 2015; Zyomuya et al., 2003; Wang and
Alva, 1996). Urea (CO (NH2)2 can be lost through runoff. This is the offsite movement of
usable N in solution (runoff loss mechanism for urea) or the entire granule would have to
become removed from the field (runoff loss mechanism for PCU). Because the urea stays
protected in the poly coating the probability be lost via leeching or volatilization
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decreases until it has diffused through the coating. Hydrolysis favors warm moist
conditions and total conversion occurs within a few days. Transformation of urea occurs
and CO (NH2)2 + 2H2O is converted to (NH4)2CO3 and eventually 2NH3 + CO2 + H2O to
be volatilized. NO3 products leach in flooded or irrigated environments therefore, they
are avoided due to the aquatic environment of the rice production where major N losses
would occur.
This research was established to determine if EXP-PCU could be utilized in the
delayed flood rice production system. Our objective was to compare EXP-PCU to NBPT
treated urea to determine an appropriate N rate and application timing of N products. The
main goal of this objective was to determine that if N application were delayed greater
than 5 DBF, could EXP-PCU be an alternative N source.
Materials and Methods
Four field experiments, two each in 2015 and 2016, were conducted to determine
the effectiveness of EXP-PCU. Experiments were established in two fields at the
Mississippi State University Delta Research and Extension Center near Stoneville, MS.
Each year the experiment was conducted the experimental fields represented a silt-loam
or more course textured soil and a clay soil that are commonly cropped to rice in
Mississippi. In 2015, experiments were established on a Commerce very fine sandy loam
(Fine-silty, mixed, superactive, nonacid, thermic Fluvaquentic Endoaquepts; N 33o
25’5.06’ – W 90o 54’23.09’); and a Tunica clay (Clayey over loamy, smectic over mixed,
superactive, nonacid, thermic Vertic Epiaquepts; N 33o 26’5.73’ – W 90o 54’24.64’). In
2016, experiments were established on a Commerce very fine sandy loam; (N 33o
25’5.06’ – W 90o 54’23.09’); and a Tunica clay; (N 33o 26’5.73’ – W 90o 54’24.64’).
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For experiments conducted in 2015, soybean [Glycine max (L.) Merr.] was the
previous crop grown. For experiments conducted in 2016, rice was the previous crop
grown for both sites. Eight composite soil samples (two per replicate) were collected
from the 0 to 15-cm depth at each experimental site before planting. Each composite
sample consisted of eight, 2.5-cm diameter cores. Soil samples were oven-dried, crushed
to pass through a 2-mm sieve, and extracted with Mehlich-3 (Mehlich, 1984). Mehlich-3
extracts were analyzed using inductively coupled atomic plasma spectroscopy (ICPS,
Soltanpour et al., 1996). Soil water pH was determined in a 1:2 soil weight: water volume
ratio using a glass electrode (Table 3.1).
The rice cultivar ‘Clearfield 172’ was drilled into plots measuring 1.62 × 4.57-m
at 18.5 kg seed ha-1. Each plot consisted of eight drills of rice spaced 20-cm apart
separated by a perpendicular alley 1.5-m across. Nitrogen sources included EXP-PCU
and urea + NBPT (46-0-0). Urea was chosen because it is the most commonly used N
source in rice production. The NBPT product Agrotain (Koch Agronomic Services, 4111
East 37th St N Wichita, KS) was utilized to coat dry urea fertilizer and limit N loss from
urea. The EXP-PCU (Agrium U.S. Inc., 2004) is a PCU to be utilized in the floodirrigated rice production system. Polymer coated urea is manufactured by forming an
insoluble polymer time release coating around each granule of urea (Agrium U.S. Inc.,
2004). This new formulation is designed to reduce PCU buoyancy to avoid granule
movement during establishment of the permanent flood.
All N sources were broadcast by hand to randomly assigned plots at total-N rates
of 0, 168, and 202 kg N ha-1. Applications of N sources were applied at 10 to 14 days
before permanent flood establishment and 3 to 5 days before permanent flood
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establishment (Table 3.2). Application timings were based on previous research to
maximize N availability at critical N requirement growth stages and typical urea + NBPT
application timings (Walker, 2008).
Each year, weeds were controlled with a mixture of clomazone at 0.34 kg ai ha-1
(2-(2-chlorophenyl)methyl-4,4-dimethyl-1-1,2-oxazolidin-3-one) plus saflufenacil at 0.04
kg ai ha-1 (N’-[2-chloro-4-fluoro-5-(3-methyl-2,6-dioxo-4-(trifluromethyl)-3,6-dihydro1(2H)-pyrimidinyl)benzoyl]-N-isopropyl-N-methylsulfamide) plus 0.05 kg ai ha-1
halosulfuron (methyl 3-chloro-5-[(4,6-dimethoxy-2-pryimidinyl)amino]sulfonyl]-1methyl-1H-pyrazole-4-carboxylate) applied to the soil surface prior to emergence. This
was followed by a three to five leaf growth stage application mixture of imazethapyr at
0.08 kg ai ha-1 (2—[4,5-dihydro-4-methyl-4-(1-methylethyl)-5-oxo-1H-imidazol-2-yl]-5ethyl-3-pyridinecarboxylic acid) plus quinclorac at 1.54 kg ae ha-1 (3,7-dichloro-8quinolinecarboxylic acid). Rice management closely followed the Mississippi State
University Extension Service recommendations for stand establishment, pest
management, and irrigation management.
Aboveground plant biomass samples were collected at the late boot to early
heading (HDG) growth stage to evaluate net-N uptake among fertilizer sources, rates and
application times. The HDG stage of rice growth and development represents maximal N
accumulation by rice during the growing season (Matsuo et al., 1993; Guido et al., 1994).
Whole aboveground portions of rice plants were collected from a 1-m section of row in
the second or seventh drill row of each plot. After collection, the number of viable tillers
for the sampled section was determined by summing the amount of viable tillers
contained in the sample. Viable tillers can be defined as a shoot unit capable of
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developing roots, leaves, tillers, and a panicle (Matsuo et al., 1993). Immediately after
tiller counts were performed plant samples were oven dried (forced draft; 60°C) and mass
for each sample was determined using a calibrated Denver Instrument Company XE
series model 400 balance (Denver Instrument Company, 5 Orville Dr.; Bohemia, NY).
After masses were collected each sample was ground to pass through a 1-mm sieve.
Analysis for N concentration was conducted from a 0.20 to 0.30 subsample by Dumas
combustion method (Elementar, Mount Laurel, NJ: Campbell, 1992).
Total N uptake was calculated using plant N concentration (%) × total dry matter
accumulation (weight kg ha-1) = N uptake ha-1.
Milling and grading samples were collected at time of harvest and from this
sample a sub-sample was collect to determine milling quality of each treatment. The
samples were hulled in a huller, milled in a McGill miller, and broken kernels were
removed in order to determine milling yield (Bautista and Siebenmorgen, 2002). Rough
rice is rice that is still contained inside its hull, milled rice is rice that has been removed
from its hull, and head rice is rice that has been removed from its hull plus been cleaned
and had all broken kernels removed.
Milled Rice Yield = (Milled Rice/Rough Rice)*100
Head Rice Yield = (Head Rice/Rough Rice)*100.
Results will be presented as net N uptake which was calculated by subtracting the
N uptake from the unfertilized control from the measured total N uptake of rice receiving
N treatments. Grain yield was determined at physiological maturity by harvesting the
whole plot via small plot combine. (Wintersteiger, Inc., Salt Lake City, UT). Rice grain
yields were adjusted to 120 g kg-1 moisture content for yield analysis.
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Individual experiments were arranged as a randomized complete block design
with 2 (N source) × 2 (N rate) × 2 (application timings) factorial treatment arrangement
plus an untreated control (0 kg N ha-1). Each treatment was replicated four times. Mean
parameters for total dry matter (TDM), HDG N uptake, number of viable tillers, milled
rice yield, head rice yield, harvest moisture, and grain yield were calculated across
replicates and analyzed.
Untreated control (0 kg N ha-1;UTC) was averaged and subtracted from mean
responses of TDM, N uptake and grain yield. Therefore, response to treatment is
represented in performance above rice receiving no N fertilization.
Data was subjected to ANOVA using the PROC MIXED procedure in SAS v. 9.4
(SAS Institute Inc. 100 SAS Campus Drive Cary, NC 27513-2414, USA) with
experimental replication (nested within siteyear) as random effects parameter. Least
square means was calculated and mean separation (p < 0.1) was produced using
PDMIX800 in SAS, a macro for converting mean separation output to letter groupings
(Saxton, 1998).
Results
Net Total Dry Matter and Net N Uptake
Heading
Net total dry matter (TDM) was influenced by the application timing x N source x
N rate interaction (Table 3.3). Urea + NBPT was applied at a rate of 202 kg N ha-1 or
EXP-PCU applied at a rate of 168 kg N ha-1 produced more TDM at 3 to 5 DBF
compared to 10 to 14 DBF (Table 3.4). Urea + NBPT at a rate of 202 kg N ha-1 applied 3
to 5 DBF performed greater TDM than all rates and sources applied at 10 to 14 DBF;
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however, it performed the same as all rates and sources for 3 to 5 DBF. These data
suggest that EXP-PCU or urea + NBPT should be applied close to permanent flood
establishment as possible. The differences in TDM is likely due to N losses that occurred
in the time between the two application timings; Norman et al., (2009) reported at 2.2 %
N loss due to ammonia volatilization using urea + NBPT 5 days after application.
Application timing was the only main factor that independently influenced net TDM.
Net N uptake was influenced by the main effect of N source and the N rate x
application time interaction. (Table 3.3). N uptake in the unfertilized control (0 kg N ha-1)
ranged from 34 kg N ha-1 to 203 kg N ha-1 and averaged 93 kg N ha-1 across siteyears.
Averaged across N sources, net N-uptake at HDG was greater when rice received N at 3
to 5 DBF using a rate of 202 kg N ha-1 in comparison to rice receiving N 10 to 14 DBF
with both N rates ( Table 3.5). Net N uptake at heading increased with increasing N rate
when fertilizer application was conducted at 3 to 5 DBF. Alternatively, when N fertilizer
was applied 10 to 14 DBF, net N uptake at HDG remained stable with increasing N rate
(Table 3.5). Numerous authors have reported differences in N uptake at both PD and
HDG when N fertilizer was applied far in advance of flooding (Guindo et al., 1994;
Guindo et al., 1992). Fitts et al., 2014 reported that rice receiving untreated urea N
fertilizer at 12 DBF recovered 16% less N than rice receiving N fertilizer at 1 DBF.
Specifically, Norman et al., (2009) suggested that N losses from rice fertilized with urea
+ NBPT could be as great as <5% when N was applied 5 DBF.
The main effect of N source also influenced net N uptake at HDG (Table 3.6).
Averaged over application time and N rate, greater N uptake at HDG was observed for
rice fertilized with urea + NBPT in comparison with rice fertilized with EXP-PCU (Table
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3.6). In general, net N uptake from rice receiving EXP-PCU was 36 % less than rice
receiving urea + NBPT. Research comparing PCU to urea application in dry seeded
delayed flood rice, has shown mixed results. Golden et al., (2009) reported that at
planting applications of a 40 d release rate PCU to rice was too early to maximize rice N
uptake at either PD or HDG when compared to the single optimum pre-flood application
method. Fitts et al., (2014) reported that PCU application to rice closer to flooding
increased the net N uptake above the unfertilized control. Golden et al., (2011) reported
N release from PCU to be completed approximately 40 days after application and N
losses were occurring via denitrification after flood establishment from rice receiving
PCU as an N source.
Data suggests N loss may have occurred between the two application timings
(especially when utilizing urea). Source of N was also significant suggesting the urea +
NBPT to be more efficient at increasing net N uptake than EXP- PCU (Table 3.6).
Golden et al., (2009) noted an increase in N uptake with urea applied pre-flood compared
to ESN applied at 5 leaf growth stage. Based on net N uptake alone the optimum N
fertilizer regiment would be urea + NBPT applied 3 to 5 DBF. Turner et al., unpublished
data suggested that when comparing ESN 7 DBF plus a midseason urea application
compared to single optimum application of urea + NBPT 7 DBF; TDM and N uptake
were significantly greater with urea + NBPT applications. Similarly, Dillon et al., (2012)
pooled N sources together and revealed N recovery to be more efficient when N is
applied 4 DBF compared to 10 DBF.
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Milling Quality
Milling rice yield responded to application timing x N rate (Table 3.3). Milling
yielded the lowest milling percent when N was applied 10 to 14 DBF at an N rate of 168
kg N ha-1, which is similar to both N rate applied at 3 to 5 DBF (Table 3.7). Walker et al.,
(2008) noted that cultivar selection significantly influences milling yield. The timings
being analyzed was N applied pre-flood vs PD vs panicle emergence (PE); several
significant interactions occurred however the only three-way was the cultivar x PF x PD
(Walker et al., 2008). Generally, if nitrogen is applied pre-flood and with proper cultivar
selection a milling yield in excess of 600 mg g-1 can be achieved.
Although all siteyears in this study were seeded and harvested on the same date
maturity has been reported to have significant influences on milling quality. Ranganath et
al., (1970) and Srinivas et al., (1978) reported that if grain was too dry that the fissures
created in the grain will result in broken kernels that in return will reduce milling yield
and that if grain moisture was too high that the green kernels can reduce milling yield.
Harvest Moisture
Harvest moisture responded to N source x application timing (Table 3.3). Delay in
grain moisture is caused with the use of the urea + NBPT compared to EXP-PCU.
Harvest moisture for EXP-PCU was 0.7% lower than for urea + NBPT (Table 3.8), this
represents a delay in harvest of approximately 2 days. Although grain moisture was
influenced by N source; Carreres et al., (2003) reported no interaction in days until
maturity or 50% heading when comparing urea to PCU (32% N) or PCU (40% N).
Harvest moisture was similar for EXP-PCU at both application timings (3 to 5 DBF and
10 to 14 DBF) and for urea + NBPT applied 10 to 14 DBF (Table 3.9). Similarly, Bollich
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et al., (1999) reported a delay of 2 and 3 days till 50% heading when comparing soluble
urea to PCU; however he applied N source at pre-plant, post-drain, or post-flood.
Nitrogen application rate can impact grain yield; however, it can also negatively
influence harvest moisture. Jongkaewwattana et al., (1993); Nangju and De Datta, (1970)
showed that N fertilization increases grain moisture, our data showed similar results in
that extreme N fertilization rates can reduce moisture by (0.7%) when comparing urea +
NBPT to EXP-PCU.
Although urea as an N source and the earlier application time of 3 to 5 DBF
negatively influenced maturity and harvest moisture, the positives of using this N source
and application time (increased TDM and N uptake) outweigh the disadvantage. Since
harvest moisture is not a yield potential component, urea as the source and the early
application timing should still be utilized.
Viable Tillers
Number of viable tillers was influenced by application time (Table 3.3). Number
of tillers decreased when N was applied at 10 to 14 DBF compared to 3 to 5 DBF (Table
3.10). These data suggest that based on number of tillers alone that fertilization should be
applied immediately before permanent flood establishment for greatest number of tillers.
When comparing application timing 3 to 5 DBF to 10 to 14 DBF there was an average of
3 more viable tillers per 1-m of linear row. Similarly, Carreres et al., (2003) noticed a
reduction in panicle m-2 using urea and a (32% N) PCU product when applied 2 DBF
compared to 15 DBF. Potential N losses that occurred could have contributed to
differences between the two application timings that negatively influenced TDM, N
uptake and number of tillers. Nitrogen fertilization that occurs at or near panicle
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formation has been reported to increase number of spikelets (Matsushima, 1976;
Hasegawa et al., 1994) and number of tillers also had appeared to be correlated to N
uptake similarly to Wada (1969) and Hasegawa et al., (1994).
Overall, these data suggest that in order to maximize number of viable tillers; a
readily available N source should be applied at or near pre-flood.
Net Grain Yield
Net grain yield was influenced by N rate, N source, and application timing (Table
3.3). Net grain yield was greatest with the higher rate 202 kg N ha-1 when compared to
168 kg N ha-1 (Table 3.12). Net grain yield was also greater (17%) using the urea +
NBPT as an N source compared to EXP-PCU (Table 3.11). Similarly, Slaton et al.,
(2009) showed that urea applied pre-flood outperformed PCU applied at the two leaf
growth stage; however, similarly grain yield was influenced by N source, N rate and
application timing. The 3 to 5 DBF timing also produced greater (10%) net grain yields
when compared to the 10 to 14 DBF application timing (Table 3.13). Similarly, Norman
et al., (2009) also observed increased rice grain yield when using NBPT-treated urea at 5
DBF compared to 10 DBF; however, the authors did not observe an advantage using
urea + NBPT when comparing N application 1 DBF compared to 5 DBF. Similar to
Reddy and Patrick (1980) the trend for net grain yield and net N uptake appeared to be
correlated. Net grain yield was (9%) greater using 202 kg N ha-1 rather than 168 kg N ha1

. Dillon et al., (2012) showed similar results to grain yield with respect to application

timing.
Sulfur coated urea (SCU) performed equally as well as urea when applied early in
furrow irrigated rice (Hefner and Tracy, 1991); however, similar results have been shown
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on flooded rice (Wells and Shockley, 1975). Previous research has shown yield potential
was determined by the pre-flood N application (Brandon et al., 1982; Mengel and
Wilson, 1988; Wilson et al., 1998) and maximum yields are obtained when N is applied
to dry soil and flooded immediately (Mengel and Wilson, 1988; Norman et al., 1988,
1989).
Dempsey et al., (2017) suggest that rainfall events shortly after N application
resulted in grain yield declines due to loss of N via denitrification when using standard
urea; however the decline was less rapid when using urea + NBPT. Dempsey et al.,
(2017) also reported that greater grain yields and N uptake were achieved when no
rainfall was applied. When comparing application timing likelihood of rainfall occurring
within 10 or 14 DBF if greater than that of 3 or 5 DBF so logically more N losses would
occur if flooding was delayed longer. Dempsey et al., (2017) reported that yields were 8.9
to 18.1% greater using urea + NBPT across rainfall ranges when compared to straight
urea.
Based on net grain yield, urea + NBPT should be the N source utilized, at a rate of
202 kg N ha-1, and should be applied 3 to 5 DBF. Urea + NBPT as an N source
significantly increased grain yield and N uptake. An N rate of 202 kg N ha-1 increased
grain yield and N uptake. When N is applied 3 to 5 DBF the number of viable tillers,
grain yield, TDM and N uptake were all increased.
Summary
The ultimate goal of this research was to compare effectiveness of N product
EXP-PCU to NBPT-treated urea in the mid-southern U.S. Research conducted compared
the influence of N fertilizer additions on two commonly cropped soils in Mississippi,
66

CEC ≤ 22 and CEC ≥ 22. Nitrogen source, N rate and time of application significantly
affected several yield potential responses such as aboveground biomass, N uptake,
number of tillers and grain yield.
When comparing application timing N applied 3 to 5 DBF produced statistically
greater TDM than when n was applied 10 to 14 DBF. When comparing EXP-PCU to urea
+ NBPT at 168 kg N ha-1, EXP-PCU produced numerically greater TDM; however urea +
NBPT produced statistically greater net N uptake. Harvest moisture was influenced by N
source and N source x application timing (urea + NBPT and 3 to 5 DBF increased harvest
moisture). Number of tillers was influenced by application timing, 3 to 5 DBF resulted in
greater number of tillers. Net grain yield was influenced by N rate, N source and
application timing, N rate of 202 kg N ha-1, N source of urea + NBPT, and application
timing of 3 to 5 DBF produced the greatest net rice grain yield.
Based on application timing the 3 to 5 DBF always performed greater than the 10
to 14 DBF fertilizer applications. Rice treated with EXP-PCU produced lower harvest
moistures that rice receiving urea + NBPT, the lower harvest moisture would allow for
sooner harvest of the rice crop. Net grain yield was the only factor influenced by N rate
where the greater rate (202 kg N ha-1) produced greater grain yield than the lower N
application rate (168 kg N ha-1). This data suggest that in the mid-southern U.S. delayedflood rice production system urea +NBPT compared to EXP-PCU to be the better
performing N source. Applied 3 to 5 DBF when compared to 10 to 14 DBF with a 202 kg
N ha-1 rate rather than 168 kg N ha-1 should be the nitrogen regiment of choice.
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Table 3.1

Selected soil chemical properties (n=8) of research sites managed at the
Delta Research and Extension Center in 2015 and 2016.
Mehlich-3 extractable nutrients

Soil
pH

O.M.

CEC

(1:2)

(%)

meq/
100g

- - - - - - - - - - - - - - -mg kg-1- - - - - - - - - - - -

Tunica 2015

7.8

1.4

28.2

76

521

8428

1517

61

73

12.2

Commerce
2015

8.0

1.2

22.0

98

606

6230

1324

42

86

10.4

Tunica 2016

7.0

1.8

25.9

200

859

9370

1838

53

39

13.5

Commerce
2016

7.7

1.3

21.9

83

457

7078

1319

39

42

6.2

Site-year

Table 3.2

P

K

Ca

Mg

Na

S

Zn

Dates of agronomic importance for research at the Delta Research and
Extension Center in 2015 and 2016.

Event

Site 1

Site 2

Site 3

Site 4

------------------------------Month/Day-----------------------------

Planting date

5/14

6/09

6/20

6/20

Fertilizer 10 to 14
days before flood

6/15

7/02

7/11

7/11

Fertilizer 3 to 5
days before flood

6/18

7/06

7/18

7/18

Permanent flood

6/21

7/10

7/21

7/21

Heading biomass
samples

8/21

10/01

10/18

10/19

Harvest date

9/15

10/09

10/19

10/19
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Table 3.3

Analysis of variance p-values for rice yield, heading total dry mass matter
(HDG-TDM), tiller number, harvest moisture, heading nitrogen uptake
(HDG-N-UP), milling yield, and head rice yield as influenced by N source,
N application timing, N rate and their significant interactions for
experiments conducted during 2015 and 2016 at the Delta Research and
Extension Center.
Measurement

Harvest
Milling
Head Rice
Moisture
Rice
Yield
Yield
- - - - - - - - - - - - - - - - - - - p value - - - - - - - - - - - - - - - - - - - Nsource
1 0.7311 0.0001 0.4868 0.0460 0.0001 0.3778 0.1382
Nrate
1 0.2383 0.0134 0.6894 0.0759 0.6821 0.2707 0.1217
Nsource*Nrate
1 0.7562 0.447 0.5276 0.5970 0.2771 0.3192 0.7598
Aptime
1 0.0052 0.0073 0.0011 0.0110 0.0563 0.1516 0.8391
Nsource*Aptime
1 0.2013 0.1822 0.5237 0.3385 0.0286 0.2724 0.7598
Aptime*Nrate
1 0.7562 0.6923 0.7011 0.0628 0.7445 0.0882 0.0994
Nsource*Aptime*Nrate 1 0.4731 0.5409 0.0912 0.2818 0.1323 0.6995 0.3792
Source

df Number
of Tiller

Grain
Yield

HDGHDGN-Up
TDM

(Nrate – nitrogen rate; Nsource – nitrogen source; Aptime – application timing; HDG – heading; Up - uptake)

Table 3.4

The significant interaction of application timing × N source x N rate as it
influenced net heading total dry matter (Net HDG-TDM) for research
established during 2015 and 2016 at the Delta Research and Extension
Center.

Nitrogen source

EXP-PCU
Urea + NBPT
EXP-PCU
Urea + NBPT

Nitrogen rate

202
202
168

Application timing†
3 to 5 DBF
10 to 14 DBF
Net HDG-TDM
- - - - - - - - - kg ha-1 - - - - - - - - 5982 abc
4920 bc

168

8792 a

4953 bc

7169 ab
6393 abc

4090 c
4147 bc

†(Means within a column followed by the same letter are not significantly different at P ≤ 0.1.)
(EXP-PCU – experimental polymer-coated urea; NBPT – [N-(n-butyl) thiophosphoric triamide])
(DBF – days before flooding)
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Table 3.5

The significant interaction of application timing × N source pooled across N
rate as it influenced rice net N uptake at heading (Net HDG-N-Up) for
research established during 2015 and 2016 at the Delta Research and
Extension Center.
Nitrogen rate

202
168

Application timing†
3 to 5 DBF
10 to 14 DBF
Net HDG-N Up
- - - - - - - - - kg N ha-1 - - - - - - - - 42.3 a
18.3 b
22.6 b
18.7 b

†(Means within a column followed by the same letter are not significantly different at P ≤ 0.1.)
(DBF – days before flooding)

Table 3.6

The main effect of N source pooled across application timing and N rate as
it influenced rice net heading N uptake for research established during 2015
and 2016 at the Delta Research and Extension Center.
Net HDG N Uptake†
kg N ha-1
20 b
31 a

Nitrogen source
EXP-PCU
Urea+NBPT

†(Means within a column followed by the same letter are not significantly different at P ≤ 0.1.)
(EXP-PCU – experimental polymer-coated urea; NBPT – [N-(n-butyl) thiophosphoric triamide])

Table 3.7

The significant interaction of application timing × N rate pooled across N
source as it influenced rice milling yield for research established during
2015 and 2016 at the Delta Research and Extension Center.
Nitrogen Rate

202
168

Application timing†
3 to 5 DBF
10 to 14 DBF
Milling rice yield
---------%--------66.9 ab
67.2 a
66.9 ab
66.5 b

†(Means within a column followed by the same letter are not significantly different at P ≤ 0.1.)
(DBF – days before flooding)
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Table 3.8

The main effect of N source pooled across application timing and N rate as
it influenced rice harvest moisture for research established during 2015 and
2016 at the Delta Research and Extension Center.
Harvest moisture†
%
18.9 b
19.8 a

Nitrogen source
EXP-PCU
Urea+NBPT

†(Means within a column followed by the same letter are not significantly different at P ≤ 0.1.)
(EXP-PCU – experimental polymer-coated urea; NBPT – [N-(n-butyl) thiophosphoric triamide])

Table 3.9

The significant interaction of application timing × N source pooled across N
rate as it influenced rice harvest moisture for research established during
2015 and 2016 at the Delta Research and Extension Center.
Nitrogen Source

EXP-PCU
Urea+NBPT

Application timing†
3 to 5 DBF
10 to 14 DBF
Harvest moisture
---------%--------18.9 b
18.9 b
19.8 a
19.2 b

†(Means within a column followed by the same letter are not significantly different at P ≤ 0.1.)
(EXP-PCU – experimental polymer-coated urea; NBPT – [N-(n-butyl) thiophosphoric triamide])
(DBF – days before flooding)

Table 3.10

The main effect of application timing pooled across N source and N rate as
it influenced rice tiller number for research established during 2015 and
2016 at the Delta Research and Extension Center.
Tiller number†

Application time

kg ha-1
69 a
66 b

3 to 5 DBF
10 to 14 DBF

†(Means within a column followed by the same letter are not significantly different at P ≤ 0.1.)
(DBF – days before flooding)
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Table 3.11

The main effect of N source pooled across application timing and N rate as
it influenced net rice grain yield for research established during 2015 and
2016 at the Delta Research and Extension Center.
Net Grain yield†
kg ha-1
2237 b
2692 a

Nitrogen Source
EXP-PCU
Urea+NBPT

†(Means within a column followed by the same letter are not significantly different at P ≤ 0.1.)
(EXP-PCU – experimental polymer-coated urea; NBPT – [N-(n-butyl) thiophosphoric triamide])

Table 3.12

The main effect of N rate pooled across application timing and N source as
it influenced net rice grain yield for research established during 2015 and
2016 at the Delta Research and Extension Center.
Nitrogen rate

Net Grain yield†

kg N ha-1
168
202

kg ha-1
2348 b
2582 a

†(Means within a column followed by the same letter are not significantly different at P ≤ 0.1.)

Table 3.13

The main effect of application timing pooled across N source and N rate as
it influenced net rice grain yield for research established during 2015 and
2016 at the Delta Research and Extension Center.
Net Grain Yield†

Application Time

kg ha-1
2592 a
2337 b

3 to 5 DBF
10 to 14 DBF

†(Means within a column followed by the same letter are not significantly different at P ≤ 0.1.)
(DBF – days before flooding)
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Figure A.2
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